Figure 1. Neuronal Depolarization Causes Dendrite Formation in Cultured Sympathetic Neurons, and NGF Enhances This Dendritogenesis
(A) Double-label immunocytochemical analysis for HMW-MAP2 (left panels) and tubulin (right panels) in cultured sympathetic neurons that were grown for 5 days in 50 ng/ml NGF and then were switched for an additional 3 days into 10 ng/ml NGF (top panels), 50 mM KCl (middle panels), or 10 ng/ml NGF plus 50 mM KCl (bottom panels). Similar results were obtained in six independent experiments. Scale bar, 50 M. (B) Higher magnification of HMW-MAP2 staining in neurons cultured for 5 days in 50 ng/ml NGF and then switched for 3 days to 10 ng/ml NGF plus or minus 50 mM KCl. Scale bar, 10 M. (C) Quantification of the length of MAP2-positive processes in cultures similar to those shown in (A) and (B). Lengths of individual dendrites were quantified using image analysis, the data were normalized so that the total number of dendrites counted was equal to 100%, and the histograms were then plotted using bin sizes of 2 M. Results derive from one representative experiment of five that were quantified, all of which produced similar results. and hence dendritic stability, providing one potential drites were rudimentary or nonexistent on neurons cultured in NGF alone. In contrast, when neurons were structural mechanism underlying the effects of neurotrophins and neuronal activity on the formation and switched into KCl for 3 days, they exhibited thick, MAP2-positive processes with the morphology of dendrites. maintenance of neural circuitry.
Interestingly, when neurons were cultured in both KCl and NGF, NGF enhanced the length of the newly formed Results
dendrites (Figures 1A and 1B). To quantify this effect, random MAP2-labeled images Neuronal Depolarization Causes Reversible Dendrite
were obtained from each of the treatments, and the Formation in Cultured Sympathetic Neurons, length of all MAP2-positive processes in the images was and NGF Enhances This Dendritogenesis determined. These measurements (which numbered Although NGF promotes survival and axonal growth in 200-400 per treatment), were analyzed by sorting them cultured neonatal sympathetic neurons, additional exinto bins of 2 M in size and normalizing the binning trinsic cues are required for dendrite formation. To test values to percentage of the total treatment population the hypothesis that one additional requisite cue might ( Figure 1C ). The resultant histograms confirmed that KCl be neuronal activity, neonatal sympathetic neurons were caused a robust increase in the length of MAP2-positive established for 5 days in 50 ng/ml NGF and were then processes and that NGF enhanced the length of these switched into 50 mM KCl, which causes neuronal depoprocesses. This increase was statistically significant and larization and is sufficient to maintain survival ( 1A and 1B) . This analysis revealed that, while axonal growth was very robust, denrespectively (p Ͻ 0.01 in both cases). Figures 2A-2D) ; neurons that were switched revealed that when neurons were maintained in NGF into NGF alone retracted their MAP2-positive processes alone, relatively little MAP2 was associated with the so that the distribution histograms were statistically simassembled microtubules, and that treatment with KCl ilar (p Ͼ 0.05) to those of neurons that had never seen caused a 7-fold increase in this association ( Figure 2E ). KCl (Figures 2A-2D) .
The association of MAP2 with assembled microtubules was further potentiated by coincident treatment with NGF ( Figure 2E ).
Depolarization Promotes the Association of
We next determined the effect of KCl on microtubule Dendrite-Specific MAP2 with Microtubules stability by measuring the pool of assembled versus and Enhances Microtubule Stability disassembled tubulin before and after treatment with The association of HMW MAP2 with microtubules enthe drug colchicine, which disassembles microtubules hances their stability and is thereby thought to play a key role in dendrite formation and maintenance (Gamblin ( Figure 2F ). When neurons were maintained in NGF alone, a relatively small fraction (28%) of the tubulin activation was highest when neurons were exposed to both NGF and KCl ( Figure 3C ). Similar results were obwas assembled, and this pool was almost completely disassembled following exposure to 1 g/ml colchicine tained when immunoprecipitations were performed with antibodies to the ␣ ( Figure 3C ) or ␤ subunit (data not for 2 hr ( Figure 2F ). In contrast, when neurons were cultured in KCl plus or minus NGF, 58% of the tubulin shown) of CaMKII. These data demonstrated that two kinases known to was in the assembled state initially, and even after 2 hr of colchicine treatment 24% of the tubulin was still phosphorylate MAP2, CaMKII, and the ERKs are activated in a long-term fashion by KCl and NGF. Previous assembled ( Figure 2F ). Since this latter assay measures tubulin in both axons and dendrites, and since the majorwork has shown that the ERKs are activated in both cell bodies and neurites of sympathetic neurons in response ity of processes in these cultures are axons (see Figure  1A) , then these data indicate that KCl has a very signifito NGF (Atwal et al., 2000). We therefore determined where in the cells CaMKII was activated; to perform cant effect in enhancing microtubule stability in both axons and dendrites, likely via MAP2 in dendrites, and these studies, we performed immunocytochemistry using phospho-CaMKII. This analysis revealed that, in conpotentially via axon-specific MAPs such as tau in axons (Caceres and Kosik, 1990 Figure 3B ). Reprobing of these were lysed, and we then performed either Western blots or activity assays. As a control, we examined Akt activasame blots revealed that total ERK levels were constant in all treatments, and that, in agreement with the immution using a phosphorylation-specific antibody; Akt is a kinase that plays an essential role in survival of these nocytochemical data ( Figure 1A ), MAP2 levels were higher in KCl or KCl plus NGF than in NGF alone ( Figure 3B) . neurons (reviewed in Kaplan and Miller, 2000) and that should not be affected by any of these pharmacological We previously used in vitro kinase assays to demonstrate that the increased phospho-ERK observed followmanipulations. Western blot analysis confirmed, as we have previously published (Vaillant et al., 1999) , that both ing NGF or KCl treatment reflected an increase in ERK activation (Vaillant et al., 1999) . We used a similar ap-NGF and KCl cause increased levels of phospho-ERK and phospho-Akt ( Figure 4G ). As predicted, none of proach to confirm that the long-term increase in phospho-CaMKII noted here ( Figure 3B ) corresponded to the five compounds that we tested had any effect on phospho-Akt in response to NGF plus KCl, and the only increased activity. In agreement with the Western blots, kinase assays revealed that NGF led to a modest longdrug that affected phospho-ERK levels was PD98059, which completely blocked ERK activation ( Figure 4G ). term activation of CaMKII, that KCl activated CaMKII to a greater degree than did NGF, and that the long-term Similarly, CaMKII assays revealed that both 10 M KN-62 and 100 M mAIP inhibited CaMKII activation pathway or of CamKII had no effect on survival in NGF or in NGF plus KCl and that inhibition of CaMKII with seen in NGF plus KCl ( Figure 3C ), with no effect on phospho-Akt or phospho-Erk levels ( Figure 4G ). either KN-62 or mAIP completely inhibited neuronal survival in the presence of KCl alone. We next confirmed that these pharmacological treatments had no unanticipated effects on neuronal survival;
Having performed these controls, we next asked whether inhibition of either the MEK-ERK pathway or we previously showed that Akt, but not the ERKs, is required for survival in NGF or NGF plus KCl and that of CaMKII affected KCl-mediated dendrite formation. Neurons were selected in NGF and then were switched CaMKII is important for survival only when neurons are maintained in KCl alone (Vaillant et al., 1999) . Neurons to NGF plus KCl with or without the various inhibitors for 3 days. Immunocytochemistry and image analysis were selected in NGF and then switched for 2 days into NGF and/or KCl plus or minus the same drug concentrarevealed that inhibition of either the MEK-ERK pathway with PD98059 or CaMKII with KN-62 or mAIP was suffitions as were used for the biochemistry. MTT assays ( Figure 4H ) confirmed that inhibition of the MEK-ERK cient to completely block activity-dependent dendrite formation (p Ͻ 0.01) (Figures 4A-4D) . Moreover, neither tion of assembled tubulin in the presence or absence of colchicine. This analysis revealed that, as seen for H-89 or forskolin had any effect ( Figures 4E and 4F) , indicating the specificity of this inhibition. the MAP2 measurements, the large increase in the proportion of assembled microtubules that was induced by To confirm that this inhibition of MAP2-positive dendrites was accompanied by biochemical alterations in KCl plus NGF was completely inhibited by PD98059 or KN-62 ( Figure 5C ). In contrast, treatment with H-89 or MAP2:microtubule interactions, we first measured the levels of MAP2 present in sympathetic neurons in the forskolin had no effect on any of these biochemical measurements ( Figures 5A-5C were selected in NGF for 5 days, switched to NGF plus analysis for MAP2 ( Figure 5E ), which demonstrated that only nifedipine and KN-62 plus PD98059, but neither of KCl for 3 days to cause dendrites to form, and then were switched to NGF plus KCl with or without PD98059 and/ these latter two drugs alone, inhibited the KCl-induced increase in MAP2 levels. or KN-62. Immunocytochemistry and image analysis revealed that while a switch into NGF alone was sufficient to cause retraction, neither KN-62 or PD98059 had any Field Stimulation and Cholinergic Receptor Activation Are Both Sufficient to Cause effect on the dendrites that were already formed ( Figure  5D ). However, when both the MEK-ERK pathway and Reversible Dendrite Formation To determine whether the results obtained here with CaMKII were inhibited by using both drugs together, dendrites significantly retracted (p Ͻ 0.01), a result that KCl-mediated depolarization generalized to other stimuli that promoted neuronal activity, we performed experwas also obtained when KCl-mediated Ca 2ϩ influx via L-type calcium channels was inhibited using the drug iments with field stimulation and, because sympathetic neurons receive cholinergic inputs in vivo, with the chonifedipine ( Figure 5D ). Biochemical confirmation of these results was obtained by performing Western blot linergic receptor agonist carbachol. For the field stimula- tion experiments, neurons were established for 5 days ning of dendrite lengths showed a large, statistically significant shift in size of MAP2-positive dendrites in and then were switched to 10 ng/ml NGF and stimulated for 3 days with 0.2 ms pulses of alternating polarity neurons that were stimulated relative to unstimulated neurons cultured in the same multiwell dish ( Figure 6B ). delivered at 5 Hz. Immunocytochemistry of these stimulated neurons for MAP2 revealed that, like KCl depolarIn three independent experiments, the mean MAP2-positive process length in m of unstimulated neurons was ization, patterned field stimulation robustly promoted dendrite formation ( Figure 6A) Figure 7E ), a model that involves kinases, the ERKs and ity-and carbachol-dependent dendrite formation were CaMKII, which are known to play essential roles in neural similar to those seen with KCl, we utilized KN62 to inhibit plasticity (Braun and Schulman, 1995; Impey et al., CaMKII and PD98059 to inhibit MEK. Immunocytochem-1999). ical analysis of sympathetic neurons that were exposed These findings have implications both for neuronal to field stimulation for 3 days in NGF plus or minus development and for plasticity in the mature nervous one of these two inhibitors revealed that suppression system. With regard to developing neurons, these data of either CaMKII or MEK activity was sufficient to inhibit suggest that one trigger for dendritic growth is initial dendrite formation (Figures 7A and 7B nation, absolute tubulin levels were quantified using quantitative immunodot blotting as described above. These values were normalMorphometry ized to total protein levels in the soluble and polymerized fractions For each treatment, five HMW-MAP2-labeled fields at 10ϫ magnifito yield the percentage of soluble and polymerized tubulin present cation were acquired. Each of these fields was processed to normalwithin the cell. ize the minimum HMW-MAP2 signal. Using NIH image, the lengths of all MAP2-labeled processes were determined by tracing HMW-MAP2-labeled processes from the perimeter of the cell body to the CaMKII Kinase Activity Assays furthest extent of labeling. These numbers were then subjected to Sympathetic neuron lysates (150 g) were diluted into immunoprehistogram analysis using bin sizes of 2 M. 
